Rationale: Tracheobronchomalacia (TBM) is a common comorbidity in neonates with bronchopulmonary dysplasia (BPD). However, the effect of TBM on the clinical course of BPD is not well understood.
Tracheobronchomalacia (TBM) in children was first described by Holinger and colleagues in 1952 (1) and later defined as weakening of the airway wall due to softening of the cartilaginous rings and decreased tone of the airway smooth muscle. This results in increased airway compliance and reduction of the size of the airway lumen (2) . Generalized or localized deformity and narrowing of the intrathoracic airway decreases airflow, increases resistance, and is clinically characterized by retractions, dyspnea, and a prolonged expiratory phase (3). Children can also have recurrent bacterial bronchitis, cyanotic episodes, apnea, and difficulty weaning from ventilatory support (4, 5) .
Although TBM is uncommon in the general population (4), the estimated prevalence of TBM in neonates with bronchopulmonary dysplasia (BPD) undergoing bronchoscopy is 10 to 46% (6) (7) (8) (9) . There is normally an age-related decrease in airway compliance and susceptibility to injury from positive pressure ventilation (10, 11) . Airways of preterm animals have increased compliance when compared with airways of term animals (12) . Furthermore, positive pressure ventilation can induce airway wall damage (13, 14) . Consequently, premature infants are particularly susceptible to developing TBM (15) .
Despite the high prevalence of TBM in neonates with BPD, only small, singlecenter case series have evaluated outcomes in these children (6) (7) (8) (9) . We aimed to study the risk factors and outcomes of TBM in the setting of BPD in a large, multicenter cohort. We hypothesized that neonates with TBM and BPD would have increased morbidity characterized by surgical interventions, comorbid conditions, longer hospitalizations, and increased need for mechanical ventilation at discharge than other neonates with BPD alone.
Methods Study Population and Design
We performed a retrospective cohort study of neonates enrolled in the Children's Hospital Neonatal Database (CHND) from January 1, 2011 until January 1, 2016 (16). The CHND comprises 27 level III and IV neonatal intensive care units (NICUs) . Clinical data are prospectively collected by trained chart abstracters, and interrater reliability, measured at least biannually, is greater than 90%. This study was approved by the internal review board at the University of Pennsylvania and the Children's Hospital of Philadelphia (IRB# 821985 and IRB# 15-011900).
Study Sample
Neonates with BPD in the CHND who had undergone bronchoscopy were eligible for this study. Bronchoscopy is the current gold standard for diagnosing TBM and has high intrarater and interrater reliability (17) . A diagnosis of BPD was based on modified NHLBI guidelines (18) . For subjects born before 32 weeks postmenstrual age (PMA), mild BPD was defined as treatment with supplemental oxygen for 28 or more days but not at 36 weeks PMA. Moderate BPD included those infants who received supplemental oxygen for 28 or more days and less than 30% supplemental oxygen and less than or equal to 2 L/min (LPM) of flow at 36 weeks PMA. Infants with severe BPD received supplemental oxygen for 28 or more days and greater than or equal to 30% supplemental oxygen, greater than 2 LPM of flow, or positive pressure ventilation at 36 weeks PMA.
For subjects born after 32 weeks gestational age and before 37 weeks gestational age, mild BPD was defined as treatment with supplemental oxygen for 28 or more days but not at 56 days of life. Moderate BPD included those infants who received treatment with supplemental oxygen for 28 or more days and less than 30% supplemental oxygen and less than or equal to 2 LPM of flow at 56 days of life. Infants with severe BPD received supplemental oxygen for 28 or more days and greater than or equal to 30% supplemental oxygen, greater than 2 LPM of flow, or positive pressure ventilation at 56 days of life.
We excluded infants with vascular rings, tracheoesophageal fistulas, and complex congenital heart disease, which can be independently associated with TBM (19) , but included subjects with simple cardiovascular defects, such as patent ductus arteriosus, atrial septal defects, and ventricular septal defects. Neonates with congenital diaphragmatic hernia, bronchopulmonary sequestrations, and congenital pulmonary airway malformations were also excluded.
Exposures and Outcomes
A diagnosis of TBM was abstracted from the medical record and recorded as present or not in data collection in the CHND. To confirm the accuracy of this approach (in one center), all bronchoscopy reports from subjects recruited from the Children's Hospital of Philadelphia were abstracted by one author (E.B.H.) with blinding to the diagnosis in the CHND, and 10% of the reports were randomly selected for reabstraction by a second author (N.L.F.).
The CHND maintains records of demographics, pregnancy and delivery room characteristics, comorbid diagnoses, surgical interventions, and discharge characteristics. The main outcomes for this study were length of stay, duration of mechanical ventilation, death, tracheostomy, gastrostomy, fundoplication, and a physician diagnosis of pneumonia, gastroesophageal reflux disease (GERD), or pulmonary hypertension in the medical record during the NICU hospitalization.
Discharge therapies including mechanical ventilation, supplemental oxygen, cardiopulmonary monitoring, and route of feeding, and medications were also studied.
Statistical Analysis
Categorical variables are reported with frequency and percentage and continuous variables with mean and SD. Categorical variables were compared using chi-square or Fisher exact tests, and continuous variables were compared using t test or Wilcoxon rank sum tests where appropriate. To minimize bias, missing data were accounted for using multiple imputation with 20 imputed datasets.
The association of TBM (exposure) with outcomes, including comorbid diagnoses, surgical interventions, discharge respiratory support and route of feeding, and medication use (outcomes) were modeled using mixed-effects logistic regression. The association of TBM with length of stay, PMA at discharge, and ventilator days was modeled using mixedeffects linear regression. Gestational age, admission age, birth weight, BPD severity, sex, race, surfactant use, antenatal steroid use, and insurance status at discharge were included in all multivariate models as fixed effects, and the center was included as a random intercept. We also assessed the effects of additional covariates on the results. Covariates marginally associated with the outcome defined by a P value , 0.10 in univariate analysis were included in the multivariate model. Covariates that altered the effect estimate of TBM by more than 15% or that were independently associated with the outcome of interest were retained in the final model. A sensitivity analysis was performed using only patients who survived the initial hospitalization. All data analyses were performed using Stata 13.1. A P value , 0.05 was considered statistically significant.
Results
There were 8,363 neonates with BPD in the CHND enrolled between January 2011 and January 2016 ( Figure 1 ). We excluded 132 with complex congenital heart disease, 75 neonates with congenital diaphragmatic hernia, 49 with tracheoesophageal fistula, 16 with congenital pulmonary airway malformations, 8 with vascular rings, 6 with ORIGINAL RESEARCH bronchopulmonary sequestrations, and 14 with a combination of exclusionary diagnoses. We then excluded 7,089 neonates who never underwent bronchoscopy, leaving 974 neonates in our study sample.
We compared our final study sample to those neonates who were excluded because a bronchoscopy was not performed (Table E1) . Those in the study sample were 1 week more advanced in gestational age and were more than 100 g heavier. Neonates in the study sample were admitted to a CHND hospital about 4 weeks later and discharged nearly 10 weeks later than neonates who did not undergo bronchoscopy. Birth and delivery characteristics appeared to be similar between the two groups. Using the bronchoscopy report as the gold standard, the positive predictive value and negative predictive value for a CHND diagnosis of TBM were 95 and 84%, respectively. A subset of 10% of the bronchoscopy reports were reabstracted, and interrater reliability was 93%.
TBM was reported in 353 (36.2%) neonates in the study sample (Table 1) . Neonates with TBM were born at a slightly later gestational age and admitted to and discharged from a hospital affiliated with the CHND at an older PMA. During pregnancy, mothers of neonates with TBM were more likely to have received prenatal care, reproductive assistance, and antenatal steroids. Neonates with TBM were more likely develop intrauterine growth restriction and less likely to have pregnancy complicated by placental abruption.
Comorbidities and Surgical Procedures
Neonates with TBM were more likely to carry a diagnosis of GERD and pneumonia than neonates without TBM after adjustment for covariates (Table 2) . Neonates with TBM more commonly underwent tracheostomy (odds ratio [OR], 1.56; 95% confidence interval [CI], 1.16-2.10; P = 0.004) and gastrostomy (OR, 1.36; 95% CI, 1.02-1.78; P = 0.04) (Figure 2 ). Other surgical interventions, including fundoplication, patent ductus arteriosus ligation, exploratory laparotomy/ laparoscopy, and ventriculoperitoneal/ ventriculoatrial shunt, were performed with similar frequency in neonates with and without TBM (Table E2) .
Timing of Discharge and Mechanical Ventilation
The average hospital length of stay for neonates in the study sample was 110 days (median, 94 d). In univariate analysis, neonates with TBM were hospitalized longer (118 6 93 vs. 105 6 83 d; P = 0.02) than those without TBM. Hospital length of stay was nearly 3 weeks longer in neonates with TBM than in those without after adjustment for covariates (P , 0.001) ( Figure 3A) . Accordingly, neonates with TBM were discharged when they were almost 3 weeks older than neonates without TBM (P , 0.001) ( Figure 3B ). Most (90%) of the infants received mechanical ventilation during their admission (median, 51 d); however, those with TBM received longer periods of mechanical ventilation (83.1 6 91.1 vs. 67.2 6 71.9; P = 0.003), and this difference was even greater after adjustment for covariates (P , 0.001) ( Figure 3C ).
Discharge Support
Neonates with TBM were more likely to continue to receive mechanical ventilation on discharge (OR, 1.36; 95% CI, 1.01-1.87; P = 0.045), but there was no difference in the need for home supplemental oxygen or cardiopulmonary monitoring on the basis of TBM status (Table 3 ). More than 80% of neonates in our cohort received tube feedings, either gastric or post-pyloric, at discharge, and less than one-third were receiving at least some nutrition by mouth. Neonates with TBM were possibly less likely to be receiving oral feedings at discharge (OR, 0.69; 95% CI, 0.47-1.01; P = 0.058) than those without TBM.
A majority of the neonates in both groups was receiving medications at discharge. Infants with TBM were significantly more likely to be prescribed treatment for wheezing, including inhaled bronchodilators (P = 0.02) and inhaled steroids (P = 0.01). Furosemide (P = 0.02), spironolactone (P = 0.02), antireflux therapy (P = 0.03) (specifically PPIs), and therapy targeted for pulmonary hypertension (P = 0.03) were also more commonly prescribed in neonates with TBM at discharge (Table 3) .
Sensitivity Analysis
There were 79 (7.9%; 95% CI, 6.2-9.7%) deaths in the study sample before discharge (6 
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8.8% [95% CI, 6.7-11.2%] without TBM; P = 0.16), which could be a competing risk for many of the outcomes studied. We therefore performed a sensitivity analysis including only subjects who survived to discharge from a CHND hospital. Among survivors, neonates with TBM were more likely to have comorbidities such as GERD and pneumonia. Neonates with TBM were also more likely to undergo tracheostomy (OR, 1.66; 95% CI, 1.22-2.32; P = 0.002). However, there was no difference in odds of gastrostomy tube placement in this survival cohort (Table E3 ). The average length of stay for survivors was 109 days (median, 92 d). The length of stay was longer for survivors with TBM (117 6 93) than those without TBM (105 6 83) in both univariate and multivariate models. Similarly, neonates with TBM received mechanical ventilation for longer periods of time and were discharged at a greater postmenstrual age (Table E3 ).
Discussion
In this multicenter cohort of neonates with BPD, we have demonstrated that TBM affects more than one-third of those undergoing bronchoscopy and at least 5% of all neonates with BPD. Neonates with TBM had longer and more complicated hospital courses characterized by increased comorbid diagnoses, including GERD and pneumonia, and more surgical interventions, such as tracheostomy and gastrostomy placement. On discharge, neonates with TBM were more likely to receive many medical therapies and may be more likely to require mechanical ventilation and less likely to receive oral feedings. To our knowledge, this is the largest multicenter cohort study to investigate the independent association of TBM with adverse outcomes in neonates with BPD. The prevalence of TBM and associated adverse outcomes highlights the need for improved diagnostic standards and therapies specific for TBM in neonates with BPD.
The study sample was drawn from more than 8,000 neonates with BPD during a 5-year study period at 27 level III and level IV NICUs and represents z10% of the national population with BPD (20) . Other studies of TBM in neonates with BPD have been small, single-center reports (6-9), limiting their power to detect important differences in outcomes and to account for the large variability between centers in neonatal practice (21, 22) . The use of a multicenter cohort and random effects statistical modeling, however, allows us to account for practice variability and greatly improves the generalizability of these Definition of abbreviations: CI = confidence interval; OR = odds ratio; TBM = tracheobronchomalacia. All adjusted models are mixed logistic regressions with bronchopulmonary dysplasia severity, race, sex, insurance status, surfactant use, antenatal steroids use, gestational age, admission age, and birth weight as fixed effects and center as a random intercept.
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findings. We also had extensive information about many clinically important covariates, lessening the impact of confounding.
The prevalence of TBM in neonates with BPD in our study sample was similar to that in two smaller studies of airway disorders in preterm infants (6, 8) . Because the diagnosis of TBM is based on bronchoscopic findings and bronchoscopy is not performed in all neonates, it is difficult to estimate the overall prevalence of TBM with certainty. Clinical diagnosis and radiography have also been used to diagnose TBM; however, there has been variable correlation of these modalities with bronchoscopy, which is considered the gold standard (23) .
Infants with BPD and TBM had a longer and more complicated hospital course than those without TBM. Length of stay was increased by more than 3 weeks on average, which is similar in magnitude to the increase in length of stay incurred by neonates who develop necrotizing entercolitis (24) . Given the high emotional and medical costs that have long been associated with providing care for premature infants in NICUs (24-26), TBM, if causal, could have a substantial impact on patients and their families from both a quality-of-life standpoint and a financial impact on health systems. 
The longer length of stay appeared to be primarily driven by the almost 3 weeks longer duration of invasive mechanical ventilation in neonates with BPD and TBM. Continuous positive airway pressure can reduce dynamic airway collapse and improves respiratory mechanics in neonates with TBM (27, 28) . Tracheostomy has also been used to treat TBM by bypassing the collapsible segment of the central airways until the airway matures and was more commonly performed in neonates with BPD and TBM in our study cohort (29, 30) . This could suggest that neonates with BPD and TBM need a tracheostomy tube to maintain patency of the airway lumen as the airway grows and becomes more rigid. In addition, neonates with BPD and TBM could potentially benefit from treatment with bethanechol or ipratropium bromide, which can increase tracheal smooth muscle tone (23) .
Central airway collapse depends on the rigidity of the central airway and the collapsing transmural airway pressure. Children with obstructive respiratory disease like BPD often use accessory muscles to exhale and have increased peripheral airway resistance. The resulting positive pleural pressure and accentuated resistive intraluminal pressure drop would serve to increase the collapsing transmural airway pressure (23) . Neonates with BPD also often require positive pressure ventilation, which can cause airway damage and inflammation, resulting in increased airway collapsibility. Thus, TBM may be a marker for more severe peripheral airway obstruction, which increased duration of respiratory support and hospitalization in the neonates with BPD.
In addition to increased respiratory support, neonates with TBM required more treatment and surgical interventions aimed to protect the airway from aspiration of oral and gastric contents. Gastroesophageal reflux is common in neonates with BPD and has been associated with worsening pulmonary symptoms and variably linked to the pathogenesis of chronic lung disease of prematurity (31) (32) (33) (34) (35) .
There are several potential limitations of this study. Only neonates undergoing bronchoscopy were included. Not surprisingly, there were some differences in the characteristics of patients in the study sample compared with those excluded, potentially leading to selection bias. We are also not able to discern whether the development of TBM precedes outcomes such as GERD and pneumonia. Future prospective studies with standardized bronchoscopy in neonates with BPD would be necessary to assess generalizability of these results to the larger population and help define the temporal relationship of TBM and outcomes in neonates with BPD.
Misclassification of TBM could have biased the results. Despite the lack of standardized diagnostic criteria for TBM, bronchoscopy has been shown to have high inter-and intrarater reliability in previous report (17) . We also showed outstanding accuracy of the recorded diagnosis of TBM in the CHND and documentation in the bronchoscopy reports in our center. Furthermore, if present, misclassification of TBM would likely be nondifferential; thus, the actual associations between TBM and outcomes may be even stronger than we have shown. Our study included a large population; thus, it is unlikely that we have a type II error. Although it is possible that our results were affected by residual or unmeasured confounding, we have attempted to account for many clinically important variables and have performed sensitivity analyses of survivors with nearly identical results.
In conclusion, TBM is a common comorbidity in neonates with BPD that is associated with increased use of medical resources and prolonged hospitalization. Currently, there are no standardized treatments or diagnostic criteria for central airway collapse in neonates with BPD. In future studies of TBM, it will be important to develop standardized diagnostic criteria to better understand disease pathogenesis and monitor response to therapies and interventions. n ORIGINAL RESEARCH
